TDP1 and TDP2 were discovered and named based on the fact they process 3′-and 5′-DNA ends by excising irreversible protein tyrosyl-DNA complexes involving topoisomerases I and II, respectively. Yet, both enzymes have an extended spectrum of activities. TDP1 not only excises trapped topoisomerases I (Top1 in the nucleus and Top1mt in mitochondria), but also repairs oxidative damage-induced 3′-phosphoglycolates and alkylation damage-induced DNA breaks, and excises chain terminating anticancer and antiviral nucleosides in the nucleus and mitochondria. The repair function of TDP2 is devoted to the excision of topoisomerase II-and potentially topoisomerases III-DNA adducts. TDP2 is also essential for the life cycle of picornaviruses (important human and bovine pathogens) as it unlinks VPg proteins from the 5′-end of the viral RNA genome. Moreover, TDP2 has been involved in signal transduction (under the former names of TTRAP or EAPII). The DNA repair partners of TDP1 include PARP1, XRCC1, ligase III and PNKP from the base excision repair (BER) pathway. By contrast, TDP2 repair functions are coordinated with Ku and ligase IV in the non-homologous end joining pathway (NHEJ). This article summarizes and compares the biochemistry, functions, and post-translational regulation of TDP1 and TDP2, as well as the relevance of TDP1 and TDP2 as determinants of response to anticancer agents. We discuss the rationale for developing TDP inhibitors for combinations with topoisomerase inhibitors (topotecan, irinotecan, doxorubicin, etoposide, mitoxantrone) and DNA damaging agents (temozolomide, bleomycin, cytarabine, and ionizing radiation), and as novel antiviral agents.
Introduction
Tyrosyl-DNA phosphodiesterases (TDP1 and TDP2) are among the most recently discovered DNA repair enzymes. Ongoing studies point to their relevance for the repair of trapped topoisomerase-DNA complexes and for the processing of diverse 3′-and 5′blocking groups at DNA ends. First, we will provide background for the physiological, environmental and pharmacological conditions leading to the trapping of topoisomerases on DNA ( Fig. 1 and Tables 1 and 2 ). After which we will place TDP1 and TDP2 in the context of the different pathways involved in the removal of topoisomerase-DNA complexes (Fig.  2 ). We will review the biochemistry, structure, functions, substrates and regulation of both TDP1 and TDP2 ( Table 3 and Figs. 3-7 ). Finally, we will discuss the rationale and approaches for the discovery of TDP1 and TDP2 inhibitors.
Topoisomerase cleavage complexes
Large nucleic acid molecules (DNA and RNA) are typically densely packaged in the cell nucleus. Yet, local relaxation of nucleic acids is required for transcription, replication and proper chromosomal segregation. These vital cellular processes generate torsional stresses in the form of supercoiling, as well as DNA and RNA entanglements that are resolved by topoisomerases.
Overview of human topoisomerases
Topoisomerases are ubiquitous and essential. They solve topological problems by cutting and religating nucleic acids without assistance of additional enzymes (i.e. they are endowed with nucleic acid cutting-pasting properties). Human cells contain six topoisomerase genes. Topoisomerases have been numbered historically (see Fig. 1 in Ref. [1] ), and the corresponding polypeptides ( Fig. 1 , left brackets) are abbreviated: Top1 for topoisomerases I (Top1mt for the mitochondrial topoisomerase I, whose gene is encoded in the nuclear genome), Top2 for topoisomerases II, and Top3 for topoisomerases III. Top1 ( Fig. 1A -C) and Top3 ( Fig. 1G -I) act by cleaving-religating a single-strand of DNA (or RNA in the case of Top3β), whereas Top2 enzymes ( Fig. 1D -F) cleave both strands of a DNA duplex, generating a 4 base pair reversible staggered cut ( Fig. 1E ). It is convenient to remember that odd-numbered topoisomerases (Top1 and Top3) cleave and religate one strand, whereas the even-numbered topoisomerases (Top2) cleave and relegate both strands.
Topoisomerization mechanisms: Swiveling vs strand passage, DNA vs RNA topoisomerases
Topoisomerases use two main mechanisms to change the topology of nucleic acids. Unique to Top1, the first mechanism consists in "untwisting" the DNA duplex. To do so, Top1 generates a single-strand break by forming a covalent DNA-enzyme intermediate that allows the broken strand to rotate around the intact one until DNA supercoiling is dissipated ( Fig.  1B) . At which point, the stacking of adjacent DNA bases realigns the broken ends and the 5′-hydroxyl end attacks the 3′-phosphotyrosyl bond, thereby allowing DNA religation (Fig.  1C) . A remarkable feature of the Top1 untwisting mechanism is its extreme efficiency. The rotation speed has been estimated by single molecule analyses at about 6000 rpm irrespective of torque, thereby allowing full relaxation of DNA supercoils [2] .
The second mechanism used by the other topoisomerases is by "strand passage". It allows the passage of a double-or a single-stranded DNA (or RNA) through the cleavage complexes. Top2α and Top2β both act by allowing the passage of an intact DNA duplex through the DNA double-strand break (DSB) generated by enzyme homodimers (Fig. 1E) . Afterwards, Top2 religates the broken duplex ( Fig. 1F ). Such reactions permit DNA decatenation, unknotting and the relaxation of supercoils [1, 3] . Top3 enzymes pass only one strand through the single-strand break generated by the enzymes (Fig. 1G-I) . In the case of Top3α, the substrate is a single-stranded DNA segment (such as a double-Holliday junction) [4] [5] [6] , whereas in the case of Top3β, the substrate can be a single-stranded RNA segment with Top3β acting as a RNA topoisomerase [7, 8] . Topoisomerases have distinct biochemical requirements. Top1 and Top1mt are the simplest topoisomerases, acting as monomers in the absence of any cofactors at temperatures as low as 0 °C. Top2 enzymes are complex molecular machines, working as dimers, requiring ATP binding, ATP hydrolysis and divalent metals (Mg 2+ ) for catalysis. Top3 enzymes also require Mg 2+ but function as monomers without ATP.
Cleavage complexes are the key catalytic intermediates of topoisomerases
The DNA (and RNA) cleavage/relegation mechanism of topoisomerases operates by the attack of catalytic tyrosine residues acting as nucleophiles to generate covalent tyrosinenucleic acid intermediates. These catalytic intermediates are referred to as cleavage complexes (outlined in red in Fig. 1B , E and H). The reverse religation reactions are carried out by attacks of the deoxyribose (or ribose) hydroxyl ends toward the tyrosylphosphodiester bonds.
Top1 (and Top1mt) attaches to the 3′-end of the scissile phosphate, whereas the other topoisomerases (Top2 and Top3) have opposite polarity and covalently attach to the 5′-end of the scissile phosphate ( Fig. 1B , E and H). Notably, the DNA substrates differ for Top3 enzymes. Whereas Top1 and Top2 both process double-stranded DNA, the Top3 enzymes act on single-stranded nucleic acids (DNA for Top3α and RNA for Top3β) [4, 7, 8] . Tables 1 and 2 summarize the ubiquitous DNA modifications and lesions generated by endogenous and exogenous factors leading to the trapping of Top1 and Top2 cleavage complexes ( Table 1 for Top1cc and Table 2 for Top2cc). Both tables include corresponding references. Two points are particularly relevant to TDP1 and TDP2. First, trapping of Top1cc and Top2cc can occur independently of drugs, consistent with the fact that TDP1 genes are present in all eukaryotic cells (from yeast to humans). Second, Top1cc trapping is likely to be frequent and biologically relevant, especially in neurons because of their high oxidative metabolism and long transcripts [9, 10] . Abasic sites resulting from spontaneous depurination and base excision repair (BER) intermediates have been estimated at a frequency of ≈ 10 4 per cell per day [11] .
Trapping of topoisomerase cleavage complexes by endogenous and exogenous DNA lesions and Top1-induced DNA nicks at ribonucleotides embedded in DNA
A special form of abortive Top1 cleavage complexes has recently been the focus of investigations because it has been linked to Top1-mediated mutations in yeast [12] . Top1 converts ribonucleotide embedded in cellular DNA into nicks with 2′-3′-cyclophosphate and 5′-hydroxyl ends [13] ; a property of Top1 that was first observed in biochemical systems [14] . The biological relevance of this RNA nicking activity of Top1 could represent a previously unrecognized repair pathway for misincorporated ribonucleotides during DNA replication as an alternative to RNase II [15] . It could also be detrimental to the genome by initiating short base deletions [12, 13] and by generating nicks, which can then trap Top1cc [16] .
Topoisomerase inhibitors trap topoisomerase cleavage complexes by a common interfacial mechanism
Drug binding at the enzyme-DNA interface misaligns the DNA ends, which precludes religation and results in the stabilization of topoisomerase cleavage complexes (Top1cc and Top2cc). Crystal structures of drug-bound cleavage complexes have generalized this mechanism for both Top1-and Top2-targeted drugs (see Figs. 1-3 and citations in Ref. [17] ).
The cytotoxic mechanism of topoisomerase inhibitors requires the drugs to trap the topoisomerase cleavage complexes rather than to block catalytic activity. This sets apart topoisomerase inhibitors from classical competitive enzyme inhibitors. Indeed, knocking out Top1 renders yeast cells immune to camptothecin [18, 19] , and reducing enzyme levels in cancer cells confers drug resistance [20] . Conversely, in breast cancers, amplification of TOP2A, which is on the same locus as HER2, contributes to the efficacy of doxorubicin [21] . Also, mutations of Top1 and Top2 that interfere with the trapping of cleavage complexes produce high resistance to Top1 or Top2 inhibitors [22] . Based on their characteristic trapping mechanism, topoisomerase inhibitors should be viewed as topoisomerase cleavage complex-targeted drugs. Another example of trapping mechanism was recently discovered for poly(ADP-ribose) polymerase (PARP) inhibitors, which trap PARP1 and PARP2 on damaged DNA [23].
Top1cc damage DNA by replication fork and transcription collisions
Top1 cleavage complexes damage the genome by generating DNA double-strand ends upon replication and transcription fork collisions ( Fig. 2A ) (reviewed in [24] ). This explains why the cytotoxicity of camptothecins is primarily related to the duration of drug exposure and why arresting DNA replication protects cells from camptothecin [25, 26] . Such collisions have two main consequences ( Fig. 2A ): 1/DSBs (replication and transcription run-off) and 2/irreversible Top1-DNA adducts. Replication-induced DSBs are repaired by homologous recombination, which explains the hypersensitivity of BRCA-deficient cancer cells to Top1cc-targeted drugs [27] . Top1-DNA covalent complexes can be removed by two pathways: 1/excision of Top1 by TDP1 [28], and 2/DNA cleavage by 3′-flap endonucleases such as XPF-ERCC1 [29] ( Fig. 2A ). In addition, drug-trapped Top1cc may directly generate DSBs when they are within 10 base pairs on opposite strands of the DNA duplex or when they occur next to a preexisting single-strand break on the opposite strand [16, 30] . Finally, it is not excluded that topological defects contribute to the cytotoxicity of Top1cc-targeted drugs [accumulation of supercoils [31] and formation of alternative structures such as Rloops] [32].
Top2cc-induced DNA damage
Unlike camptothecins, Top2 inhibitors (e.g. etoposide and doxorubicin) kill cancer cells even in the absence of replication. Thirty minute exposure to doxorubicin and other Top2cctargeted drugs can kill over 99% of the cells, which is in large excess of the fraction of Sphase cells in tissue culture (generally less than 50%) [33, 34] . In the case of Top2cctargeted drugs, stalled transcription complexes triggers proteolysis of both Top2 and RNA polymerase II [35] , which then leads to DSBs by disruption of the Top2 dimer interface. Alternatively, the Top2 homodimer interface could be disjoined by mechanical tension arising from transcription and replication collisions. Yet, up to 90% of the Top2cc trapped by etoposide are not "concerted" consisting of Top2-linked single-strand breaks [1, 36, 37] . This is different from doxorubicin, which produces mostly DSBs by trapping both Top2 monomers simultaneously [38] . Finally, topological defects resulting from drug-induced Top2 sequestration may contribute to the cytotoxicity of Top2cc-targeted drugs. Such topological defect would include persistent DNA knots and catenanes, potentially leading to chromosome breaks during mitosis.
Tyrosyl-DNA phosphodiesterase 1 (TDP1)

TDP1 substrates and functions
Nash and coworkers first identified TDP1 in yeast Saccharomyces cerevisiae [39, 40] , based on an activity that specifically hydrolyzed phosphotyrosyl bonds at DNA 3′-DNA ends (Fig.  3A) . As 3′-tyrosyl substrates correspond to trapped Top1cc, tdp1 was shown to repair Top1cc in S. cerevisiae [40, 41] . Because TDP1 generates 3′-phosphate ends, its cellular activity needs to be coupled with polynucleotide kinase phosphatase (PNKP) to generate 3′hydroxyl ends that can be extended by polymerases. TDP1 orthologs exist in all organisms and act both in the nucleus and vertebrate mitochondria (where Top1mt is present [42] ) [43] [44] [45] [46] . Genetic inactivation of TDP1 confers hypersensitivity to camptothecins in human [47] [48] [49] [50] , murine [51, 52] , and chicken cells [27, 45, 53] , as well as in Leishmania donovani (trypanosome) [46] , and in yeast Saccharomyces pombe [54] , and S. cerevisiae [41, 55] . TDP1 hydrolyzes 3′-tyrosine (Figs. 2 and 3A) in a variety of DNA structures with preference for single-stranded DNA. It retains activity for DNA segments as short as 4 nucleotides [56] and double-stranded substrates, especially at gaps, blunt ends, frayed-and tailed-ends [39, 57] . While TDP1 cannot remove full-length native Top1, proteolytic digestion or denaturation of Top1 enables hydrolysis by TDP1 [39, 56, 58] . TDP1 can process 3′-peptides ranging from one to more than 100 residues [56, 58, 59] . However, it hydrolyzes longer oligonucleotide and shorter peptides more efficiently [56, 59] . TDP1 can resolve 5′phosphotyrosyl bonds ( Fig. 3F) [45, 60] , albeit much less efficiently than TDP2, which implicates TDP1 only as in a back-up pathway for Top2cc repair [45, 60] .
Other than phosphotyrosyl bonds, TDP1 readily hydrolyzes a wide range of physiological and pharmacological 3′-blocking lesions ( Fig. 3C -E). The importance of TDP1 outside Top1cc repair was first shown for 3′-phosphoglycolate ends and 3′-deoxyribose phosphate ends ( Fig. 3E ), which are common products of oxidative DNA damage as well as from radiomimetic drugs such as bleomycin [45, 52, [61] [62] [63] [64] [65] . Accordingly, TDP1 knockout cells are deficient in repairing oxidative DNA damage both in mitochondria and the nucleus [43, 66, 67] . The nucleosidase activity of TDP1 can remove 3′-terminal deoxyribo-and ribonucleotides when they are not phosphorylated at their 3′-end ( Fig. 3C) [58, 68] . The fact that TDP1 cannot process 3′-phosphate ends limits its activity to the removal of only one nucleoside from DNA ends. We recently showed that the nucleosidase activity of TDP1 removes widely used anti-viral and anti-cancer chain-terminating nucleoside analogs, such as acyclovir (ACV), zidovudine (AZT) and cytarabine (Ara-C) ( Fig. 3D ) in biochemical and cellular repair assays [69] . Anti-viral and anti-cancer nucleosides act by generating 3′blocking lesions at replication sites, suggesting the importance of TDP1 in the repair of replication-associated lesions in the nucleus and mitochondria [69] .
TDP1 also efficiently hydrolyzes 3′-deoxyribose lesions resulting from base alkylation after AP lyase processing [45, 65] . This activity is particularly relevant for the repair of DNA lesions induced by monofunctional alkylating agents including methylmethanesulfonate and temozolomide, and ionizing radiations [45, 53] . In such cases, TDP1 can act both by directly removing the 3′-end blocking lesions and by repairing Top1 covalent complexes that have been trapped at DNA nicks [16, 45, 53] . Finally, the potent phosphodiesterase activity of TDP1 allows hydrolysis of a wide range of synthetic DNA adducts attached to 3′-phosphate ends, such as biotin and a variety of fluorophores ( Fig. 3G) [58, [68] [69] [70] [71] [72] , which have been particularly valuable for screening TDP1 inhibitors and for detailed mechanistic studies (see Section 5).
TDP1 structure
Human TDP1 is a 68-kDa polypeptide comprising 608 amino acid residues. It consists of two domains (Fig. 4A ). The N-terminus (white in Fig. 4A ) is dispensable for enzymatic activity but regulates TDP1 recruitment and protein stability (see Section 3.4). The Cterminus catalytic domain belongs to the phospholipase D family (PLD) [73] as it contains two catalytic HKN motifs separated from each other by 210 amino acid residues (for human TDP1: H 263 K 265 N 283 and H 493 K 495 N 516 , Fig. 4A ). TDP1 differs from other PLD family members because the aspartates in the HKD motifs are replaced by asparagines (HKN motifs). Truncated human TDP1 (Δ1-148) has been co-crystallized with single-stranded DNA substrates attached to a four amino acid tyrosyl peptide and a vanadate ion mimicking the phosphate group linked to the Top1 catalytic tyrosine [74, 75] . TDP1 acts as a monomer with the two HKN motifs in close proximity to form the catalytic site located inside an asymmetric substrate-binding channel ( Fig. 4C ), which is relatively narrow and positively charged to bind the single-stranded DNA substrate. The channel widens in its portion receiving the polypeptide, where its charge distribution is more mixed (Fig. 4C ). Both HKN motifs stabilize the vanadate used as transition intermediate by six H-bonds between the nitrogen atoms of the HKN residues and the oxygen atoms of the vanadate (Fig. 4E ). The active site asparagine residues (N283 and N516) stabilize the neighboring lysine side chain by hydrogen bonding between their side chain oxygen atoms and the ε-amino groups of the lysines. The single-stranded DNA substrate is held in place by a network of polar interactions involving the 5′-phosphate groups of the 3 nucleotides upstream from the phosphotyrosine bond (T-1, T-2 and G-3, Fig. 4E ). Residues involved in this stabilization include S400, S403, K469, S518, K519 and A520 ( Fig. 4E ). Residues F259, P461 and W590 are also engaged in hydrophobic interactions with the DNA (Fig. 4E ). Because substrate stabilization is made via either hydrophobic or polar interactions with the DNA phosphodiester backbone, the TDP1 DNA substrate recognition is not restricted to particular base sequences. This is consistent with the fact that Top1 cleavage complexes form at many different genomic sites, and that TDP1 needs to be effective irrespective of the DNA sequence environment, including at 3′-blocking lesions besides Top1-DNA adducts [76, 77] ( Table 3 ).
TDP1 catalytic mechanism
TDP1 does not require nucleotide cofactor or metal. Yet, its catalytic mechanism is relatively complex, as TDP1 processes its substrates in two steps with a transient covalent intermediate [73] (Fig. 5 ). The first step consists in a nucleophilic attack of the Top1-DNA phosphotyrosyl bond by H263 residue from the N-terminal HKN motif. The H493 residue from the opposite HKN motif acts as a general acid and donates a proton to the tyrosinecontaining peptide-leaving group (Fig. 5A ). A transient covalent phosphoamide bond is formed between H263 and the 3′-end of the substrate (Fig. 5B ). The opposite H493 residue acts as a general base and hydrolyzes this covalent intermediate via an activated water molecule ( Fig. 5C ) [74] . This generates a product with a 3′-phosphate end ( Fig. 5D ), which needs to be further processes by polynucleotide kinase phosphatase (PNKP) [78] . Mutation of one of the catalytic histidines to an arginine residue at position 493 (H493R) results in the accumulation of covalent TDP1-DNA intermediates ( Fig. 5E ) [48] ultimately leading to a rare autosomal recessive neurodegenerative disease called spinocerebellar ataxia with axonal neuropathy (SCAN1) [79] . As discussed above, wild-type TDP1 can process this phosphoamide intermediate [58] , which explains why SCAN1 patients have the H493R homozygous mutation [79] .
TDP1 regulation, post-translational modifications and association with various repair pathways
Post-translational modifications by phosphorylation, poly(ADP-ribosyl)ation, SUMOylation and ubiquitylation are common regulators for the recruitment, modulation of enzymatic activity and stability of DNA damage response (DDR) proteins. The primary DDR transducers are the nuclear serine-threonine kinases ataxia-telangiectasia mutated (ATM) [80] [81] [82] , DNA-dependent protein kinase (DNA-PK), and ataxia telangiectasia and Rad3related (ATR) [83] . Upon rapid activation in response to DSBs [82, 84] , ATM phosphorylates a plethora of key players in DDR pathways [80, 85] . DNA-PK is also activated by DSBs but is primarily involved in non-homologous end-joining (NHEJ) [86] and apoptotic pathways [87] . Following the initial hypothesis that TDP1 was a target for DDR kinases [63] , ATM and DNA-PK were both found to activate TDP1 by phosphorylation at serine 81 (S81, Fig. 4A ) [88] . TDP1 phosphorylation at S81 increases the stability and recruitment of TDP1 to DNA damage sites rather than by directly affecting its catalytic activity [88, 89] . TDP1-S81 phosphorylation also promotes interactions of TDP1 with XRCC1 and ligase IIIα [88, 89] , which then recruit PNKP [78, 90] .
Although XRCC1 is classically implicated in single-strand breaks rejoining in the BER pathway [91] , it has also been proposed to play a role in DSB repair in an alternative endjoining pathway [92, 93] . XRCC1-deficient cells display a significant defect in rejoining radiation-induced DSB [94] , and XRCC1 depletion sensitizes cells to the DSB-inducing agent bleomycin [95] . XRCC1-deficient cells are hypersensitive to camptothecin [78, [96] [97] [98] . A link between the ATM-Chk2 pathway and XRCC1 phosphorylation has recently been proposed [99] . Furthermore, DNA-PK has been shown to interact with and to phosphorylate XRCC1 at serine 371 [100, 101] . Camptothecin-induced XRCC1 foci co-localize with γH2AX and pS81-TDP1 foci formed at DSBs [88] . These sites most likely correspond to the small fraction of the Top1cc that are converted into irreversible Top1-DNA lesions by collision with replication [102] [103] [104] and transcription machineries [32] . Thus, it is plausible that XRCC1 is critical for the repair of lesions associated with Top1-linked DSBs. Phosphorylated TDP1-S81 protects cells against camptothecin-and IR-induced DNA damage. Yet, it is still unclear whether this phosphorylation impacts single-strand break as well as DSB repair, since the phosphorylation appears to be driven by DSB formation [88, 89] .
TDP1-SUMOylation at lysine 111 (K111, Fig. 4A ) promotes DNA repair and TDP1 accumulation at Top1cc-induced and UV-laser-induced DNA damage sites [105] . SUMOylation is catalyzed in a three-step process by E1, E2, and E3 enzymes followed by desumoylation by proteases specifically recognizing SUMO conjugates [106, 107] . Unlike TDP1 phosphorylation (see above), which is induced by DNA damage, TDP1-SUMOylation is independent of DNA damage. Moreover, mutating the SUMOylation site (K111R) of TDP1 does not inhibit TDP1-ligase III association [105] . SUMOylation of TDP1 has been implicated in the recruitment of TDP1 at transcription-dependent Top1cc sites [49] , which is consistent with the role of TDP1 in protecting post-mitotic neurons against Top1cc damage [105] . Notably, Top1 is also SUMOylated in human and yeast cells [108, 109] . SUMO conjugation regulates Top1 subcellular localization, and initiate the repair signal by ubiquitin-dependent proteasomal degradation of Top1cc [108] [109] [110] [111] , allowing subsequent access of DNA repair enzymes including TDP1 to the Top1 active site tyrosyl-DNA linkage [59, 96] . In fission yeast, the SUMO E3 ligase (Nse2) and the structure specific endonuclease Rad16-Swi10 work together to repair Top1cc in a TDP1 independent pathway [112] .
The implication of poly(ADP-ribose)polymerase-1 (PARP1) in the repair of Top1cc stems from several studies showing that PARP1 knockout cells are hypersensitive to camptothecin [27, 96, 113] ; that PAR accumulates in the nucleus of camptothecin-treated cells [29, 114, 115] ; and that PARP inhibitors enhance the activity of camptothecin and its clinical derivatives (topotecan and irinotecan) by inhibiting the repair of Top1-induced DNA lesions [29, 96, 114, 115] , by inhibiting the release of Top1 from stalled replication complexes [116, 117] and by suppressing the restart of replication forks reversed by Top1cc [118] . Moreover, PARP1 knockout cells have less TDP1 activity [96] and the PARP inhibitor ABT-888 (veliparib) fails to sensitize Top1 inhibitors in TDP1-deficient cells [29, [113] [114] [115] . PARP1 catalyzes the nicotinamide adenine dinucleotide (NAD+)-dependent addition of ADP-ribose polymers (PAR) onto itself and chromatin proteins including Top1, XRCC1, ligase III and histones [119, 120] . Recently, the N-terminus regulatory domain of TDP1 has been shown to directly bind the catalytic domain of PARP1. PARP1 PARylates TDP1 without interfering with its phosphodiesterase activity [113] . PARylation stabilizes TDP1 in response to Top1cc-induced DNA damage, and recruits both TDP1 and XRCC1 to Top1ccinduced DNA damage sites, which is in keeping with the role of PARP1 in Top1cc repair. Therefore, both PARylation and SUMOylation recruit TDP1 to DNA damage sites [105, 113] . TDP1-SUMOylation may be important for repairing transcription-associated irreversible Top1cc in post-mitotic cells like neurons [105] , whereas PARylation may regulate TDP1 stability and recruitment in actively proliferating cells [88, 113] . Thus, the emerging view is that the N-terminal domain (NTD, 1-148 amino acids) of human TDP1, which is dispensable for catalytic activity, acts as a molecular switch that determine whether Top1cc are repaired by TDP1 when PARP1 is activated or by the alternative endonuclease pathways (Fig. 2) [113].
Tyrosyl-DNA phosphodiesterase 2 (TDP2)
More than a simple DNA repair enzyme: Roles in picornavirus infections and signal transduction: TDP2 TTRAP EAPII VPg unlinkase
The biology of TDP2 extends beyond topoisomerases and DNA repair. By contrast to TDP1, there is no obvious TDP2 ortholog in yeast, and human TDP2 appears as a multitask protein. Before being named TDP2 by Caldecott and coworkers [121] , TDP2 was known as TTRAP (TRAF and TNF receptor-associated protein) and/or ETS1-associated protein 2 (EAPII). TTRAP (TDP2) was identified as an intracellular tumor necrosis factor (TNF) receptor binding protein [122] that increased MAPK/JNK/p38 activation while inhibiting the activation of NFkB. TTRAP (TDP2) was shown to interact with the TNF receptorassociated factors TRAF 2, 3, 5 and 6, with the highest affinity for TRAF6. Soon after the identification of TTRAP, peptide sequence analyses suggested the DNA enzymatic functions of TTRAP (TDP2) and its similarity with APE1 and the superfamily of Mg 2+ / Mn 2+ -dependent phosphodiesterases [123] . Yet, it took almost 10 years to demonstrate the enzymatic function of TDP2 for Top2 repair [121] , and 3 more years to demonstrate that TDP2 was the VPg unlinkase for picornaviruses [124] . TTRAP/TDP2 was independently discovered and named EAPII (ETS1-associated protein 2) following a yeast two-hybrid screen for novel ETS1-interacting proteins [125] . EAPII (TDP2) was defined as a negative transcription regulator for ETS1 and AP1 [125] . Studies on the roles of TDP2 in signal transduction have continued after the identification of TTRAP/EAPII/TDP2 enzymatic functions. Recently, TDP2/EAPII has been shown to promote cell death induced by TGF-β, suggesting a potential role as modulator between prosurvival and pro-apoptotic signaling by TGF-β [126] . In a study aimed at understanding lung cancer development, EAPII/TDP2 was found elevated in lung cancer tissues, promoting cancer cell proliferation in culture and xenografts, activating the Raf-MEK-ERK cascade, leading to upregulation of MYC and cyclin D1, accelerated G1/S transition, increased cell proliferation and tumor growth [127] . Another recent study confirmed the overexpression of TDP2 in human lung cancers, together with p53 mutations, suggesting the TDP2 could be upregulated by mutant p53 in lung cancers [128] . Mutant p53 forms a complex with ETS2, as well as ETS1, which could activate TDP2 transcription [128] .
TDP2 substrates
Although TDP2 was discovered by screening yeast S. cerevisiae for camptothecin hypersensitivity in strains lacking tdp1 and rad1 [129] , the physiological activity of TDP2 appears limited to the removal of trapped topoisomerases with 5′-tyrosyl DNA termini [129, 130] (Table 3) . Cells deficient for TDP2 are selectively hypersensitive to Top2 inhibitors including etoposide, doxorubicin and the catalytic inhibitor ICRF-193 [129] [130] [131] [132] , and TDP2-deficient mice treated with low doses of etoposide show intestinal and lymphoid toxicities [132] . TDP2 and TDP1 have minor overlapping activities as TDP1 has weak activity for 5′-phosphotyrosyl bonds and TDP2 has weak activity for 3′-phosphotyrosyl bonds [45, 60, 129, 133] . Contrary to the broad specificity of TDP1, which cleaves a spectrum of phosphodiester bonds in addition to phosphotyrosyl residues (see Fig. 3 ), the phosphodiesterase activity of TDP2 is specific for phosphotyrosyl bonds (compare Figs. 6 and 3) [129, 134] . For instance, TDP2 can readily hydrolyze a 5′-digoxigenin-DNA adduct only when it includes a tyrosyl linker (see Fig. 3B in [134] ) ( Fig. 3C) . Regarding the DNA substrate, TDP2 preferentially cleaves 5′-tyrosyl bond at the end of single-stranded substrates, as well as DNA substrates with a 5′-overhang, mimicking Top2cc (see Fig. 1E ). TDP2 does not require a long DNA segment; substrates as short as five nucleotides can indeed be processed [134] . Unlike TDP1, TDP2 shows no nucleosidase activity.
Unexpectedly, TDP2 was recently identified as the host VPg unlinkase for picornaviruses, a large family of viruses including poliovirus, coxackieviruses, rhinoviruses and the classical foot-and-mouth disease virus [124] . TDP2 activity is vital for viral replication as the 5′-end of the viral genomic RNA of picornavirus is covalently linked to a small (>20 residues) viral protein (VPg) cap via a phosphotyrosyl bond [135] . Upon infection, VPg is removed from the 5′-end of RNA by the 5′-phosphotyrosyl activity of TDP2, thus allowing translation of virus-encoded proteins [124] . Picornavirus family comprises many pathogens responsible for diseases in human and animals, such as polio, common cold, and foot-and-mouth disease. Consequently, inhibitor of TDP2 may serve as treatments for vast populations exposed to these diseases.
In addition to Top2, Top3 also forms cleavage complexes via 5′-phosphotyrosyl covalent intermediates (see Fig. 1 and beginning sections of this review). As covalent complexes of both Top3α-DNA and Top3β-RNA can potentially arise in cells, it is plausible that TDP2 plays a role in rescuing trapped Top3cc (Table 3) .
TDP2 structure
Human TDP2 is smaller than TDP1 with a molecular mass of 41 kDa (362 amino acid residues) ( Table 3 ). Like TDP1, TDP2 is a two-domain protein with the catalytic domain in the C-terminus (pink in Fig. 4B ) while its N-terminal domain bears an ubiquitin-associated (UBA) domain, which probably plays a regulatory role [136] . TDP2 belongs to the EEPdomain nucleases that cleave DNA and RNA backbones [136] . Sequence alignment shows that TDP2 contains four conserved catalytic motifs (TWN, LQE, GDXN and SDH) shared by Mg 2+ /Mn 2+ -dependent nucleases including DNase I and AP endonuclease APE1 [129, 134] . Most residues in all four motifs have been confirmed to be critical for TDP2 phosphodiesterase activity [129, 134] . Sequence comparison shows similarity with APE1, and biochemical studies show that these two enzymes share catalytic mechanisms [134] .
The crystal structures of TDP2 proteins from mouse, worm (Caenorhabditis elegans) and zebra fish have recently been reported, revealing a monomeric organization with a catalytic site formed by four residues chelating one magnesium ion [136, 137] . The truncated (delta-120) zebra fish TDP2 crystal structure is presented in Fig. 4D and F. It shows a narrow single stranded DNA binding channel leading to the catalytic site formed by residues N129, E161, D271 and H320 (residues N120, E152, D262 and H351 in human TDP2) that coordinate one magnesium ion ( Fig. 4D-E) . The catalytic tetrad arrangement of TDP2 shares similarities with those of DNase I and APE1 [137] . However, in contrast to TDP2, DNase I and APE1 have a shallow DNA binding channel compatible with double-stranded DNA binding. Both the mouse and the zebra fish TDP2 structures reveal that a minimum of two unpaired nucleotides (single-stranded) is necessary to access the catalytic site [136, 137] (Fig. 4D) . Similarly to TDP1, the DNA substrate stabilization in the TDP2 catalytic site is not sequence -specific. The DNA phosphodiester backbone is positioned by several H-bonds between the oxygen atoms of the phosphate groups of the three terminal nucleotides and the nitrogen residues of K240, R275, R303 and S320 (Fig. 4F ). Some of these H-bonds may be water-mediated. In addition, residue Y318, which is part of one of the sidewalls forming the DNA-binding groove, stacks against the base of the penultimate nucleotide (G-2, Fig. 4F ).
TDP2 catalytic mechanism
Unlike TDP1, TDP2 requires divalent metals but does not form a transient covalent catalytic intermediate (Table 3) [129, 134, 138] . Mg 2+ , Mn 2+ , Co 2+ are much more efficient than Ca 2+ or Zn 2+ ) for catalysis [134] . Biochemical titration studies suggest that TDP2 requires two metals for catalysis [134] , although only one metal is detected in crystallographic analyses [136, 137] . Figure 7 summarizes the 2-metal model. The first metal coordinated by residues D262, H351 and N264 (see also Fig. 4F ) also coordinates a deprotonated water molecule for the nucleophilic attack of the phosphate group (Fig. 7B) . The second metal is coordinated by the carboxylic functions of D122 and E152. Residue N120 bridges both metal binding sites by hydrogen bonding with residues E152 and D262 ( Fig. 7 , see also Fig. 4F ). TDP2 generates 5′-phosphate nucleic acid ends (Fig. 7C) , which, unlike the 3′-phosphate TDP1 products, can be readily processed by ligases (see below and Table 3 ).
TDP2 regulation and associated repair pathways
The repair pathways associated with TDP2 are different from those of TDP1 (see Fig. 2 ). Processing of a Top2cc (see Fig. 2B ) by TDP2 generates a DSB with 4 base overhangs and with 5′-phosphate and 3′-hydroxyl ends, which are direct substrates for end joining by the non-homologous end joining (NHEJ) proteins Ku and ligase IV [137, 139] . Accordingly, a recent study using isogenic DT40 cells showed an epistatic relationship between TDP2 and Ku for the repair of Top2cc induced by etoposide [132] . Notably, Ku and ligase IV knockout cells are more sensitive to etoposide than TDP2 knockout cells [131, 132] , indicating that Ku exhibits additional functions for repairing irreversible Top2cc. Whether Ku and other components of the NHEJ pathway bind to TDP2 remains to be established.
Homologous recombination (HR) is also important for the repair of Top2-induced DNA damage, as demonstrated genetically both in yeast and DT40 models [131, 139, 140] . The two pathways probably work in parallel with the HR pathway downstream from the endonuclease pathway(s) (Fig. 2B) . A recent study showing increased Rad51 foci and increased sister chromatid exchanges in TDP2-deficient cells treated with etoposide, suggests a possible synthetic lethality between the HR and TDP2 pathways [132] .
It has been suggested that the initial step for recognizing and removing topoisomerase-DNA adducts is mediated by ubiquitylation of DNA topoisomerases, leading to their proteosomal degradation [141] . Thus, it will be important to determine how TDP2 activities are coupled with ubiquitin ligases and the proteasome, which is a particularly compelling question due to the presence of an UBA domain in the C-terminus of TDP2 (Fig. 4B) . By contrast to TDP1, to our knowledge, nothing is known regarding TDP2 post-translation modifications.
TDP inhibitors
TDP1 inhibitors have recently been reviewed [28] and the following section will focus on the principles and rationale for the development of TDP1 and TDP2 inhibitors. DNA repair inhibitors such as PARP inhibitors have reached the forefront of cancer chemotherapy, and led to the principle of "synthetic lethality" [142] [143] [144] , which is based on the selective cytotoxic activity of an inhibitor in cancer cells lacking parallel pathways that are present in normal cells (exemplary case of BRCA-deficient tumors for PARP inhibitors).
The rational for targeting TDP1 and TDP2 in combination with Top1 and Top2 inhibitors is rooted in the hypersensitivity of TDP1-and TDP2-deficient vertebrate cells to topoisomerase inhibitors [45, 47, 49, 51, [130] [131] [132] [133] . Because TDP1 or TDP2 knockout vertebrate cells show normal cell growth and knockout mice are viable without obvious phenotype [50] [51] [52] 132] , it is expected that TDP1 or TDP2 inhibitors will be well tolerated.
A recent study using a panel of ~50 DNA repair mutant DT40 cell lines enabled a comparison of the differential contribution of repair genes to drug sensitivity and demonstrated the interplay of multiple pathways for the repair of Top1-and Top2-induced cellular damages [131] . This panel confirmed that TDP1 inactivation resulted in Top1 inhibitors sensitivity, as well as PARP1 and homologous recombination genes, and that TDP2-deficient cells were among the most sensitized cells to Top2 inhibitors, as well as cells deficient for NHEJ (Ku and ligase IV). On the other hand, homologous recombination (HR) genes and ATM genes were involved in the repair of damage induced by both Top1 and Top2 inhibitors [131] . Because tumor cells are commonly deficient for parallel DNA repair pathways [145] , under the principle of synthetic lethality TDP-and topoisomerasetargeted combination therapies should improve potency and selectivity toward cancer cells with preexisting repair and checkpoint deficiencies (see Fig. 2 ).
Therapeutic rationale for TDP1 inhibitors and conditional lethality
The early studies on genetic hypersensitivity of yeast S. cerevisiae to camptothecin revealed that TDP1-dependent repair was redundant with endonuclease pathways represented by Rad1-Rad10 (orthologs of XPF-ERCC1 in humans) [55, 61] and Mre11 [61, 146, 147] (see Fig. 2A ). The yeast Rad1-Rad10 results have been extended to human cells, leading to the proposal that XPF-ERCC1-deficient cancers would represent a synthetic lethal combination for both PARP inhibitors and TDP1 inhibitors [29] . The association with the PARP inhibitors derives from the recent finding that TDP1 is epistatic with PARP1 in DT40 and human cells and that PARylation is critical to localize and retain TDP1 at DNA damage sites [113] (Fig. 2A) . Because other nucleases are involved in the Top1-DNA complex endonuclease pathways, including Mre11 [61, [146] [147] [148] and CtIP [113, 149, 150] (Fig. 2A) , it is plausible to propose using TDP1 (and PARP) inhibitors in combination with Top1 inhibitors in Mre11-deficient cancers. Indeed, Mre11 inactivation is relatively frequent in mismatch repair-deficient colon carcinomas [151] . At the present time, it is unclear whether CtIP-inactivating mutations are present in human cancers.
Cancer-associated cell cycle checkpoint deficiencies (in the ATM, ATR, BRCA1, BRCA2, Chk1 and Chk2 pathways) represent other synthetic lethal opportunities for combinations with TDP1 and Top1 inhibitors ( Fig. 2A) . Support for this possibility stems from the early studies from Nash and coworkers showing that inactivation of the master cell cycle checkpoint gene rad9 results in marked synergism toward camptothecin in tdp1-inactivated strains [41] . The molecular mechanism for such synergism could result from cross complementation between the TDP1-PARP and the HR and endonuclease pathways (see Fig. 2A ). The rationale for extending these observations to human cells is that human orthologs of yeast S. cerevisiae Rad9 gene include key DDR and checkpoint proteins with BRCT domains, which are frequently altered in cancers.
Because TDP1 repairs a broad spectrum of lesions induced by anticancer agents (see Section 4.1), it is conceivable that, in addition to Top1cc inhibitors, TDP1 inhibitors will be useful in combination with a broad spectrum of existing anticancer agents including monofunctional alkylating agents (temozolomide), cytarabine, radiomimetic drugs (bleomycin) and radiotherapy.
Therapeutic rationale for TDP2 inhibitors
Synthetic lethality information is more limited for TDP2 than TDP1. One reason is that yeast does not appear to use TDP2 pathways for repairing aborted Top2cc, and its primary pathways rely on endonucleases [140] (see Fig. 2B ). Nevertheless, vertebrate cells use both the endonuclease and TDP2 pathways, and contrary to Top1 inhibitors, Ku and ligase IV are most critical for Top2cc repair [131] (Fig. 2) . Because identical nucleases are involved for the excision of both Top2 and Top1 covalent complexes (see Fig. 2A and B) , the same principles apply to the rationale to combine TDP2 and Top2 inhibitors for Mre11-deficient tumors [151] (see above).
Another possible use for TDP2 inhibitors is as antiviral agents since TDP2 has been identified as the picornavirus VPg unlinkase [124] (see Section 4.2). Picornaviruses are among the most common human pathogens, including poliovirus, rhinoviruses, coxackieviruses, which cause a broad range of diseases (meningitis, encephalitis, common cold, hand-foot-and-mouth disease, conjunctivitis, herpangina, myositis and myocarditis) for which there are not effective treatments.
TDP inhibitor screens
The first functional assays of TDP1 and TDP2 were established using commercially synthesized DNA oligonucleotides with 3′-or 5′-phosphotyrosyl moieties, respectively. However, gel-based assays are cumbersome and unsuitable for large-scale high-throughput screening. The wide spectrum of substrates processed by TDP1 allows the use of fluorescent substrates easily amenable to high-throughput assays (Fig. 3G) . Many substrates take advantage of electrochemiluminescence (BV Tag, Fig. 3G ) [72] , fluorescence energy resonance transfer (FRET, 6-FAM, BV Tag, Fig. 3G) [28] or Amplified Luminescent Proximity Homogeneous Assay technology (ALPHA, FITC, Fig. 3G ) [152] for easy signal detection.
TDP2 recognizes specifically 5′-phosphotyrosyl moieties. Yet, attachment of various moieties can be used for high throughput screening. For instance, TDP2 efficiently processes a phosphotyrosine DNA substrate tagged with a digoxygenin (Fig. 6C) [134] . A recent study showed that TDP2 efficiently processes p-nitrophenyl-thymidine-5′-phosphate (T5PNP), a well-established substrate for snake venom phosphodiesterase (Fig. 6C) [153] . T5PNP closely resembles the structure of a 5′-tyrosyl DNA substrate ( Fig. 6A ) and the liberated p-nitrophenol molecule absorbs light at a different wavelength than T5PNP, allowing easy monitoring of the cleavage reaction. Another relatively simple and inexpensive substrate, 4-nitrophenyl phenylphosphonate (NPPP, Fig. 6C ), is also processed by TDP2 to liberate p-nitrophenol [154] . NPPP has begun to be used in a high-throughput screen for TDP2 inhibitors [155] .
A relatively large number of TDP1 inhibitors have been reported from biochemical screen. Yet, none of them has shown cellular activity. Aminoglycoside antibiotics and ribosome inhibitors were the first TDP1 inhibitors reported with IC 50 values in the millimolar range [156] . Furamidine, a diamidine compound in phase III clinical trials against the parasitic disease trypanosomiasis, was identified by high-throughput screening (HTS) and subsequently confirmed by biochemical assays as a micromolar inhibitor of TDP1 [72] . Binding studies revealed that furamidine binds both TDP1 and its single stranded DNA substrate [72] . Its mechanism of action on TDP1 is therefore distinct from the known selective binding of furamidine to AT-rich sites in the minor groove of duplex DNA. Phosphotyrosine mimetics including methyl-3,4-dephostatin [152] and the steroid compound NSC88915 [157] were also discovered as submicromolar TDP1 inhibitors by HTS assays. These compounds bear either a hydroxyl-substituted benzyl ring or an aromatic sulfonyl ester group that simulate the phosphotyrosyl moiety present on the TDP1 DNA substrate. Recently, analogs of the two indenoisoquinolines top1 inhibitors indotecan (LMP400) and indimitecan (LMP776) have been reported to inhibit TDP1 in the low micromolar range [158, 159] . Indotecan and indimitecan which are currently in Phase I clinical trials are exclusively top1-selective and do not inhibit TDP1. Chemical modifications of their indenoisoquinoline core allowed the modulation of the TDP1 activity with generation of Top1/TDP1 dual-and TDP1-selective-inhibitors [158, 159] . Some of these inhibitors directly bind the enzyme and inhibit TDP1 in a competitive manner. These inhibitors also represent the first series of TDP1 inhibitors, which maintain their potency in whole cell extract-based biochemical assays with increased stringency [158, 159] . Arylidene thioxothiazolidinone derivatives have been reported to inhibit TDP1 at submicromolar concentration and similarly to indenoisoquinoline derivatives, some of them also exhibit activity in biochemical assays using whole cell extract [160] . The best compound was shown to interact with TDP1 by SPR without any interaction with the DNA substrate. Despite solid potency, arylidene thioxothiazolidinone do not exhibit synergism with camptothecin in cellular assays and their chemotype is often subject to controversies regarding their potential promiscuity.
Because, TDP2 was only identified recently, only a small number of TDP2 inhibitors have been reported. Toxoflavin and deazaflavin derivatives inhibit TDP2 at nanomolar concentration and appear to be selective for TDP2 vs TDP1 [155] . However, toxoflavin derivatives suffer from redox activity in biochemical assays and deazaflavin compounds exhibit low cell permeability. It is likely that TDP2 inhibitors will emerge in the near future. Counter screening with APE1 could be useful in biochemical assays.
Concluding remarks
TDP1 and TDP2 are recently discovered DNA repair enzymes involved in a variety of biological functions in addition to the repair of trapped topoisomerase cleavage complexes. Biological and cellular studies are warranted to elucidate their regulation, post-translational modifications, binding partners and associated pathways. The discovery of intimate relationships between TDP1 and PARP1 and between TDP2 and Ku, and the synthetic relationship between XPF-ERCC1 and TDP1, Mre11 and TDP1 and between Mre11 and TDP2 have expanded our views on the cross talks between repair pathways.
Based on the broad biological functions of TDP1 and TDP2 and the availability of crystal structure, biochemical assays, and genetically engineered cellular systems based on TDP1 and TDP2 knockout and complemented cells, it should be relatively straightforward and highly valuable to develop TDP1 and TDP2 inhibitors. Tyrosyl-phosphodiesterase vs endonuclease pathways for the removal of irreversible topoisomerase cleavage complexes: (A) Top1; (B) Top2. TDP1 and TDP2 (yellow highlights) hydrolyze the tyrosyl-DNA links following proteolysis and/or denaturation of Top1 or Top2. The alternative endonuclease pathways shown in green remove the DNA segment covalently attached to topoisomerases. For Top1, they include XPF-ERCC1 [29,55], Mre11-Rad50-Nibrin/Nbs1 (MRN) [148] , SLX4 [161] and CtIP [149, 150, 162] . For Top2, they include MRN and CtIP [reviewed in [140] ]. Double-arrows and orange text indicate the pathways that finalize DNA repair. In the case of Top1 (A), homologous recombination (HR including the BRCA proteins) is critical for repairing the double-strand ends generated by replication run-off [102] . For Top2 (B), end-joining (EJ) with Ku and ligase IV are essential downstream from TDP2 [27, 131, 132] whereas HR is linked to the endonuclease pathway [140] . TDP1 processes a wide range of substrates that represent 3′-blocking DNA (or RNA) lesions to convert them to 3′-hydroxyl-ends (see Fig. 5 ). The red arrows indicate the cleavage sites.
(A) Canonical substrate corresponding to Top1 [39, 40] and Top1mt [43] . (B) TDP1 can also hydrolyze 3′-phosphoamide groups such as those generated by mutated TDP1 with the SCAN-1 mutation [58] . (C) TDP1 can also excise (less efficiently) 3′-base (3′-nucleosidase activity) [58] . (D) TDP1 is involved in the excision repair of 3′-chain-terminating anticancer and antiviral nucleosides (pink) including acyclovir (ACV), cytarabine (Ara-C) and zidovudine (AZT) [69] . (E) TDP1 excises 3′-blocking lesions (brown) resulting from base alkylation: 3′-abasic and 3′-deoxyribose phosphate ends [45, 53, 58] or oxidation (3glycolates) [58, 62, 63] . (F) Yeast TDP1 and less efficiently human TDP1 can hydrolyze 5′tyrosyl ends [45, 60] . (G) A large number of substrates with 3′-phospho-linkage have been used to screen for TDP1 inhibitors: 4-methyl-and 4-nitro-phenol [70] , 4-methylumbelferone [71] , biotin linker [58] , 3′-ruthenium-BV-tag [72] , 3′-FITC [152] , 6-FAM [69] and BHQ [155] . TDP2 substrates all include a 5′-phenolic ring. (A) Physiological substrates include 5′tyrosyl covalent bonds with Top2α and Top2β (left) [121] and the replicative picornavirus protein VPg [124] (2nd from left). Top3α and β are plausible candidates as well. (B) Top1 covalent complexes are processed much less efficiently [121, 133] . (C): Substrate used for biochemical experiments and drug screening: T5PNP [153] , NPPP [154] and digoxygenin [134] . Proposed reaction mechanism for phosphodiester bond cleavage by TDP2. (A) Top2-derived peptide (trapped topoisomerase) linked to 5′-DNA via a phosphotyrosyl bond. (B) Upon binding of the covalent peptide-DNA substrate in the Tdp2 active site, two magnesium ions are coordinated by the TDP2 catalytic residues for nucleophilic attack of the phosphotyrosyl bond (black arrows) [134] . (C) Cleavage products consisting in the topoisomerase polypeptide (top) and the liberated DNA with a 5′-phosphate end. Table 1 Exogenous and endogenous factors producing Top1 cleavage complexes and relevant for TDP1.
Endogenous DNA lesions Notes
Refs. [163, 164] Single base mismatches Polymerase and mismatch defects [163, 165] Mismatched loops Mismatch deficiencies [165] Abasic sites Abasic sites; BER * [165] 8-Oxoguanosine Free radicals [166] 5-Hydroxycytosine Free radicals [166] Single-strand breaks Free radicals; base excision repair [16, 167] Cytosine methylation Physiological [168] Triple helix formation Physiological [169] Apoptotic chromatin fragmentation Ubiquitous during apoptosis [164, [170] [171] [172] Exogenous DNA lesions [163] UV * BER: base excision repair; MNNG: methylnitronitrosoguanine; MMS: methylmethanesulfonate; TMZ: temozolomide.
